For 7 decades, Kenneth W. Spence's (1937) theory of discrimination learning has provided an elegant and sometimes counterintuitive account of several important behavioral phenomena, including transposition, which was first explored by Köhler (1918 Köhler ( /1938 . In a typical transposition task, a subject may be given a single pair of simultaneously presented stimuli (e.g., a 3-cm circle and a 4-cm circle) and may be required to select the smaller one (the 3-cm circle). Originally, transposition was said to occur if the subject selected the smaller, relationally correct item in a novel pair of stimuli (e.g., a 2-cm circle and a 3-cm circle), instead of the previously reinforced stimulus (the 3-cm circle). We will term the choice of the relationally correct stimulus a transposition response and the choice of the relationally incorrect stimulus an absolute response.
For 7 decades, Kenneth W. Spence's (1937) theory of discrimination learning has provided an elegant and sometimes counterintuitive account of several important behavioral phenomena, including transposition, which was first explored by Köhler (1918 Köhler ( /1938 . In a typical transposition task, a subject may be given a single pair of simultaneously presented stimuli (e.g., a 3-cm circle and a 4-cm circle) and may be required to select the smaller one (the 3-cm circle). Originally, transposition was said to occur if the subject selected the smaller, relationally correct item in a novel pair of stimuli (e.g., a 2-cm circle and a 3-cm circle), instead of the previously reinforced stimulus (the 3-cm circle). We will term the choice of the relationally correct stimulus a transposition response and the choice of the relationally incorrect stimulus an absolute response. Spence's (1937) stimulus generalization theory explained choice of the relationally correct stimulus with interacting gradients of excitation and inhibition, which arose from absolute stimulus-response tendencies. The theory is based on three simple premises. (1) When a stimulus is associated with reinforcement, a gradient of excitation develops around it; maximal excitation is produced by the training stimulus, with orderly decreases in excitation occurring as stimuli are increasingly removed from it.
(2) When a stimulus is associated with nonreinforcement, a less peaked and broader gradient of inhibition develops around it, with orderly decreases in inhibition occurring as stimuli are increasingly removed from it. (3) If the S and the S lie along the same stimulus dimension, then in order to predict responding to any given stimulus, one algebraically sums its excitatory value (on the excitatory gradient) with its inhibitory value (on the inhibitory gradient); doing so along the entire dimension yields a theoretical or derived postdiscrimination stimulus generalization gradient.
It is precisely through the algebraic summation of excitation and inhibition that Spence's (1937) theory predicts choice of the relationally correct stimulus. This summation may result in maximal net excitation (and hence, conditioned responding) not at the S , but rather at a point displaced away from the S (e.g., the 2-cm circle, instead of the previously reinforced 3-cm circle). In essence, Spence (1937) proposed that the choice of the previously untrained stimulus over the former S may be no more relational than the tendency to approach S and the tendency to avoid S . Later, peak shift (reviewed by Purtle, 1973) was experimentally documented, providing further support for Spence's (1937) theory.
Note that peak shift is not a necessary consequence of discrimination training. For example, when the training stimuli are widely spaced along the sensory dimension (in other words, when the training stimuli are highly dissimilar), a summation of excitatory and inhibitory gradients does not produce a peak shift, a result that has been Multiple-pair training enhances transposition in pigeons (Mackintosh, 1974; Riley, 1968; Rilling, 1977) , perhaps because neither study formally explored the predictions of Spence's (1937) theory. In our own recent study (Lazareva et al., 2005) , we further explored the effects of multiple-pair training on transposition behavior by exposing pigeons to multiple training pairs separated by untrained testing stimuli. In one such test, we concurrently trained pigeons on two discriminations: S1 versus S2 and S5 versus S6 , where the different numerals represent the diameters of different circles (Experiment 1). The counterbalanced pair of discriminations, S1 versus S2 and S5 versus S6 , was also trained. The former discrimination task can be termed smaller , and the latter discrimination task can be termed larger . After task mastery, all of the experimental animals were tested with S3 versus S4-two stimuli with no prior reinforcement histories. The pigeons exhibited transposition by choosing S3 over S4 after smaller training and by choosing S4 over S3 after larger training. Can this pattern of choice behavior eventuate from interacting gradients of excitation and inhibition? Apparently not. For example, the generalization gradient theory of discrimination learning suggests the opposite choice of S4 over S3 following smaller training; after all, S4's nearest trained neighbor is S5 (an S ), whereas S3's nearest trained neighbor is S2 (an S ). Of course, the precise shapes of the gradients of excitation and inhibition may affect the pigeons' choice of S3 or S4. Therefore, we conducted a comprehensive set of simulations to verify the predictions of Spence's (1937) theory. Those simulations showed a family of functions that were able to predict transposition across the full range of training and testing stimuli. But those predictions came with considerable theoretical costs: (1) unrealistically broad excitatory and inhibitory generalization gradients that did not support discrimination learning in the case of a single training pair and (2) S stimuli of net inhibitory strength. In summary, these simulations confirmed that, according to stimulus generalization theory, the pigeons should have responded in an absolute way to the testing pairs for all of the gradients of excitation and inhibition that were also able to support effective learning of the S1 versus S2 and S5 versus S6 discrimination-learning tasks.
Beyond these results, Lazareva et al. (2005) found in subsequent experiments that pigeons' transposition responses rose from one-to two-to four-pair discrimination training along the size dimension, thus replicating and extending the findings of Johnson and Zara (1960) . Can an increase in transposition after an increase in the number of training pairs be predicted from excitatory and inhibitory stimulus generalization gradients? Figure 1 (top panel) illustrates the obtained and predicted results from Lazareva et al. (2005) . The pigeons' mean level of transposition responses increased from 64% after onepair training to 75% after two-pair training to 84% after fourpair training. Interestingly, the mean levels of transposition responses predicted by Spence's (1937) model increased as well: With more excitatory and inhibitory stimulus generalization gradients interacting along the size dimension, there was a greater probability of predicting transposition confirmed both empirically and theoretically (see Hearst, 1969; Purtle, 1973; Rilling, 1977) .
In addition to peak shift, Spence's (1937) theory predicted that, as the testing stimuli are moved further along the dimension from the training stimuli, the subject will be less inclined to make a transposition response and will eventually revert to an absolute response. In the example above, the 2-cm circle versus 3-cm circle test represents a near pair, and the 1-cm circle versus 2-cm circle test represents a far pair. Spence (1937) predicted that subjects will show transposition with the near pair, but that they will respond at chance level or select the 2-cm circle that is closer to the former S with the far pair. This prediction has been confirmed in many different species, including humans, and in many different stimulus domains, including complex multidimensional stimuli (e.g., Cheng, Spetch, & Johnston, 1997; Ehrenfreund, 1952; Honig, 1962; Johnson & Zara, 1960; Kendler, 1950; Spence, 1938; Spetch, Cheng, & Clifford, 2004; Wills & Mackintosh, 1999 ; reviewed by Reese, 1968; Riley, 1968) .
Nonetheless, data have emerged that have challenged the theory's generality and validity (reviewed by Reese, 1968; Riley, 1968) . For instance, the theory cannot readily account for enhanced transposition after discrimination training with multiple pairs of S and S stimuli (Johnson & Zara, 1960; Lazareva, Wasserman, & Young, 2005; Marsh, 1967) .
The multiple discrimination problem was developed by Johnson and Zara (1960) , who trained 4-year-old children to simultaneously discriminate black squares of different sizes, S1 versus S2 and S3 versus S4 , and later tested the children with S4 versus S5 (a near pair) plus S5 versus S6 and S6 versus S7 (two far pairs). A second group of children was trained on a single simultaneous size discrimination, S3 versus S4 , before identical testing. Children trained on the single problem showed a decline in transposition from the near pair to the far pairs, whereas children trained on the double discrimination showed no such decline. Johnson and Zara suggested that it would be impossible to find excitatory and inhibitory stimulus generalization gradients that could account for transposition to the far pairs following mastery of the double discrimination, thus questioning Spence's (1937) theory. Similar results were reported by other researchers working with young children (Sherman & Strunk, 1964 ; see also the review in Reese, 1968, pp. 67-80) . Later, Marsh (1967) found that pigeons too showed strong transposition after two-pair training, contrary to the prior reinforcement history of the stimuli.
These results clearly pose a strong challenge to Spence's (1937) theory of transposition. Because Spence's (1937) theory assumes the independent development of excitatory and inhibitory gradients, the addition of any extra training pair(s) along the same dimension should not require any extensive modification of the theory. The results, however, suggest that a second training pair along the same dimension effectively enhances transposition by both pigeons and children.
Surprisingly, these important data have had very little effect on evaluations of Spence's (1937) gradient theory itory stimulus generalization gradients that could support strong transposition in all of the training and testing pairs. To move the predicted data points to the level of obtained performance, one would have to assume unrealistically broad excitatory and inhibitory generalization gradients, as well as net inhibitory values for the stimuli that were reinforced during training (see Lazareva et al., 2005 , for more details). We therefore concluded that stimulus generalization theory cannot fully capture the pattern of transposition responses that we observed in our prior experiments.
for any testing pair. Figure 1 shows that despite a large and constant (on average, 31%) disparity between predicted and obtained levels of transposition responses, Spence's (1937) theory did capture the upward trend.
Of course, one could suggest that Spence's (1937) theory was on the right track but that it merely undershot its mark; Hearst (1969) advanced this argument in discussing his own work on postdiscrimination gradient shape and height. However, our extensive post hoc simulations failed to show any plausible combination of excitatory and inhib- condition, presents testing S1 versus S2 and S2 versus S3 pairs (termed the near pair and the far pair, respectively). Here, the relationally incorrect stimuli S1 (in the S1 vs. S2 pair) and S2 (in the S2 vs. S3 pair) gradually come closer to the stimulus that was reinforced during training. So we again expect less transposition after three-pair training than after one-pair training.
To support these expectations, we conducted a series of ad hoc simulations using the same pair of Gaussian distribution functions as in our earlier study (Lazareva et al., 2005) . We chose Gaussian distribution functions because they have been found to be the best approximations of empirical excitatory and inhibitory gradients (Blough, 1969; Rilling, 1977) . The specific gradients were selected on the basis of several criteria; in particular, we required that the algebraic summation of excitatory and inhibitory generalization gradients produced both positive and negative peak shifts (see Lazareva et al., 2005, pp. 24-35 , Figures 1 and 2 ). Finally, because constant differences in circle diameter are not equivalently discriminable (Larsen & Bundesen, 1978; Peissig, Kirkpatrick, Young, Wasserman, & Biederman, 2006) , we spaced the six circles along a logarithmic scale in this and all the subsequent simulations.
Figures 3 and 4 show the gradients of excitation and inhibition, along with the postdiscrimination generalization gradients, for the small circle condition and the large circle condition, respectively. Table 1 shows the results predicted by Luce's (1959) choice rule from the stimulus generalization gradients depicted in Figures 3 and 4 (see Appendix A for more details). As Table 1 demonstrates, after one-pair training, the postdiscrimination generalization gradients predicted chance responding to the near pair and far pair Although we were convinced that generalization theory could not account for our data, it nevertheless did predict a rise in the mean level of transposition responses with an increase in the number of training pairs. It is therefore possible that the rise in transposition after multiple-pair training was the result of both the interaction of stimulus generalization gradients and the tendency to respond to the relation between the stimuli. To test that possibility, we would have to design an experiment in which the two alternative accounts gave opposite predictions.
The main aim of the present study was to devise an experimental design in which Spence's (1937) theory of discrimination learning predicts a decrease, rather than an increase, in transposition with increased numbers of training pairs. Figure 2 depicts such a design. Suppose that one-pair training involves an S1 versus S2 discrimination, that two-pair training involves S1 versus S2 and S2 versus S3 discriminations, and that three-pair training involves S1 versus S2 , S2 versus S3 , and S3 versus S4 discriminations. We termed this the small circle condition. The critical testing pairs are S4 versus S5 and S5 versus S6 (termed the near pair and the far pair, respectively). 1 Because relationally correct stimuli S4 (in the S4 vs. S5 pair) and S5 (in the S5 vs. S6 pair) gradually come closer to the stimulus that was not reinforced during training, we would expect transposition to be lower after three-pair training than after one-pair training.
Alternatively, one-pair training may comprise S5 versus S6 discrimination; two-pair training may comprise the S5 versus S6 and S4 versus S5 discriminations; and three-pair training may comprise the S5 versus S6 , S4 versus S5 , and S3 versus S4 discriminations. This condition, termed the large circle 
METHOD Subjects
The subjects were 24 feral pigeons (Columba livia) maintained at 85% of their free-feeding weights by controlled daily feeding. Grit and water were available ad lib in the home cages. The pigeons had served in unrelated studies prior to this experiment.
Apparatus and Stimuli
The experiment used eight operant conditioning chambers and Macintosh computers (detailed by Wasserman, Hugart, & KirkpatrickSteger, 1995) . One wall of each chamber contained a large opening, 7 7 cm, with a frame attached to the outside that held a clear touch screen. An aluminum panel in front of the touch screen allowed the pigeons access to circumscribed portions of a video monitor. A food cup was centered on the rear wall, level with the floor. A food dispenser delivered 45-mg food pellets through a vinyl tube into the cup. A houselight on the rear wall provided ambient illumination during sessions.
Two 3.5 3.5 cm areas, or buttons, to the left and right of the central display area were used to display the circular discriminative stimuli; the rest of the central area was black. The distance between stimuli in both the small circle and the large circle conditions. With more training pairs, however, the gradients predicted a decrease in transposition from one-pair training to two-pair training to three-pair training. The only exception was the far pair test in the smaller group of the small circle condition, where transposition decreased from one-pair training to two-pair training and increased slightly from two-pair training to three-pair training. However, every training regime was expected to produce either chance or absolute responding, instead of transposition.
All of these considerations and simulations led us to give pigeons one-, two-, and three-pair discrimination training and, following discrimination mastery, to show them two pairs of testing stimuli. According to Spence's (1937) theory, the pigeons should show a decrease in transposition with an increase in the number of training pairs, whereas our prior data suggested that the pigeons should show an increase in transposition with an increase in the number of training pairs. pair group); and the final 4 birds were trained to discriminate S1 versus S2, S2 versus S3, and S3 versus S4 (three-pair group). In the large circle condition, 4 birds were trained to discriminate S5 versus S6 (onepair group); 4 other birds were trained to discriminate S5 versus S6 and S4 versus S5 (two-pair group); and the final 4 birds were trained to discriminate S5 versus S6, S4 versus S5, and S3 versus S4 (three-pair group). In each group, 2 birds were assigned to the smaller discrimination task, and 2 birds were assigned to the larger discrimination task, in order to control for possible size preferences. For the smaller discrimination task, the smaller of the simultaneously presented circles was always correct, whereas for the larger discrimination task, the larger of the circles was always correct. Preliminary analyses showed no statistically significant differences between the smaller and the larger discrimination tasks during testing; therefore, these data were pooled for all of the reported analyses.
Procedure
Pretraining. Following weight reduction, the pigeons began pretraining. Either the left or the right button (a black cross in the middle the buttons was 1.1 cm; the distance from the top of the button to the upper border of the aluminum panel was 2 cm. Responses that occurred beyond the buttons were not recorded; only pecks made within the buttons were recorded and could advance the trial.
The discriminative stimuli were eight white circles drawn on a black rectangular background. The diameter of the smallest circle, S1, was 0.71 cm, and the diameter of the largest circle, S6, was 2.51 cm. The increase in diameter from one circle to the next was 0.36 cm. The stimuli were made in Canvas Standard Edition, Version 7.0 (Deneba Software, Miami, FL), and were saved as PICT files with 144-dpi resolution. Figure 2 illustrates the design of the experiment. The birds were randomly assigned either to the small circle condition or to the large circle condition. Both conditions included three training groups: one-pair, two-pair, and three-pair groups. In the small circle condition, 4 birds were trained to discriminate S1 versus S2 (one-pair group); 4 other birds were trained to discriminate S1 versus S2 and S2 versus S3 (two- criterion of 80% correct for all four of the possible stimulus combinations. The criterion was dropped to 75% for 1 bird in the small circle condition and for 2 birds in the large circle condition, which could not consistently meet the 80% criterion in a timely fashion.
Experimental Design
For the three-pair group, each session comprised 192 trials: 16 blocks of 12 trials (4 trials with each training pair). All of the pigeons in this group had to meet a criterion of 75% correct for all six of the possible stimulus combinations.
Testing. Upon completion of training, the pigeons were given two novel testing pairs: either S4 versus S5 and S5 versus S6 (small circle condition) or S1 versus S2 and S2 versus S3 (large circle condition). We called S4 versus S5 and S2 versus S3 near pairs and S5 versus S6 and S1 versus S3 far pairs.
For all of the birds, testing sessions comprised nine blocks. The first block always contained 12 warm-up training trials that were not used in statistical analyses. The next eight blocks contained 2 testing trials and either 16 (one-pair and two-pair groups) or 18 (threepair group) training trials. Thus, testing sessions contained either 156 (one-pair and two-pair groups) or 172 (three-pair group) trials. Testing always lasted for 10 days, so that all of the birds received 40 testing trials with each testing pair. All of the birds had to meet their training criterion (specified above) during testing. If a bird's performance fell below criterion, the bird was returned to training until it again met criterion.
When the training stimuli were given, the pigeons received food only after a correct response; incorrect selections led to one or more correction trials (differential reinforcement). When the testing stimuli were given, the birds received food after all responses (nondifferential reinforcement); we reinforced choices to any of the testing stimuli in order to guarantee that the pigeons would not associate those stimuli with nonreinforcement and cease responding to them. Figure 5 illustrates the birds' performance to the training pairs during testing, together with predicted choice performance derived from the excitatory and inhibitory stimulus generalization gradients (cf. Figures 2 and 3) . Because the of a white square area) was illuminated on each trial. The birds were required to make a single peck at the available button to obtain food.
RESULTS

Performance to Training Pairs During Testing
Training. Following pretraining, the birds entered the training phase, in which they were taught to discriminate two circles, always selecting either the larger or the smaller one. At the beginning of a trial, the pigeons were shown a black cross in the center of the white display screen. Following one peck anywhere on the screen, the two training stimuli appeared for a fixed interval of 5 sec. After that time elapsed, the pigeons were required to make a single peck to one of the stimuli. We gave the pigeons 5 sec to view the two choice stimuli to enhance the opportunity for the birds to attend both of them. Because the sizes of the choice stimuli differed, a peck within either of the two 3.5 3.5 cm square areas aligned with the circular stimuli advanced the trial. The stimulus to which the response had been made remained on for 2 sec while the other stimulus was turned off. We arranged this contingency in order to enhance the birds' attending to the stimulus that they pecked.
If the choice response was correct, food reinforcement was delivered, and the intertrial interval (ITI) ensued. The ITI varied from bird to bird and randomly ranged from 4 to 38 sec across training sessions. The ITI was adjusted on the basis of the performance of the pigeon. If the bird was consistently pecking but not meeting criterion in a timely fashion, the ITI was increased in order to make incorrect responses more punishing. If the bird was failing to complete sessions or its accuracy decreased due to the scheduling of larger ITIs, the ITI was decreased.
If the choice response was incorrect, the houselight was darkened and a correction trial was given. On correction trials, the ITI randomly varied from 4 to 48 sec in duration. Correction trials were repeated until the correct response was made. Only the first response was scored and used in later data analysis, although correction trials were recorded as well. Occasional incomplete sessions were not used in data analysis; such sessions most likely occurred at the beginning of training, when errors were prevalent.
For the one-pair group, each session comprised 192 trials: 32 blocks of 6 trials each, with the left-right locations of the stimuli counterbalanced. All of the pigeons were required to meet a criterion of 80% correct for both of the two possible stimulus combinations.
For the two-pair group, each session comprised 192 trials: 16 blocks of 6 trials with the first training pair plus 6 trials with the second training pair. Three of the birds in this group had to meet a versus S5 than to S5 versus S6. The three-pair training birds were expected to produce an inverted U-shaped curve, with highest performance to S4 versus S5 and with lower performance to S3 versus S4 and, especially, to S5 versus S6.
Were those predictions supported by the empirical data? To answer this question, we conducted four full-factorial ANOVAs with pair as a fixed factor and bird as a random factor. Throughout, was set at .05 for determining reliable statistical effects. Although the two-pair birds in the small circle condition showed numerically lower accuracy to S2 versus S3 than to S1 versus S3, the main effect of pair just failed to reach significance [F(1,3) 6.74, p .08]. The gradients also predicted a U-shaped curve for the birds in the three different conditions did not receive the same number of training trials during the testing sessions (see the Method section), we concentrated on predictions within each of the training conditions, instead of comparing performance among the different conditions.
According to these predictions, the birds given twopair training in the small circle condition should respond more accurately to S1 versus S2 than to S2 versus S3. In addition, the birds exposed to three-pair training in this condition were expected to exhibit a U-shaped curve, with lowest accuracy to S2 versus S3 and with higher accuracy to S3 versus S4 and, especially, to S1 versus S2. In the large circle condition, the birds given two-pair training were expected to exhibit slightly higher accuracy to S4 For the far pair, the ANOVA showed a significant main effect of condition [F(1,18) In summary, increased numbers of training pairs supported enhanced transposition, although the enhancement was stronger in the small circle condition than in the large circle condition. Even though the birds in the large circle condition did not show a robust increase in transposition to the far pair, their performance did not decline from one-pair to two-pair to three-pair training, as would be expected on the basis of the stimulus generalization gradients. So our results clearly challenge stimulus generalization theory, which, in the present design, would lead one to expect a decrease in transposition with an increase in the number of training pairs.
DISCUSSION
Empirical and Theoretical Summary
Earlier, we (Lazareva et al., 2005) reported a dramatic rise in pigeons' level of transposition responses, from 64% after one-pair training to 75% after two-pair training to 84% after four-pair training (Figure 1, top panel) . In this earlier design, however, postdiscrimination stimulus generalization gradients also predicted an increase in transposition with an increase in the number of training pairs, although there was a dramatic disparity between the predicted and the obtained levels of transposition. Therefore, it was possible that the tendency to respond in accordance with the relation between the stimuli was strengthened by an increase in the number of training pairs only when stimulus generalization theory predicted the same outcome.
So, the present experiment was designed in such a way that the postdiscrimination stimulus generalization gradients predicted a decrease in transposition, from 49% after one-pair training to 44% after two-pair training to 32% after three-pair training (cf. Figures 3 and 4 and Table 1) . Despite these predictions, we again observed a reliable increase in pigeons' transposition responses, from 47% after one-pair training to 52% after two-pair training to 64% after three-pair training (Figure 1, bottom panel) .
three-pair birds in the same condition. Instead, these birds exhibited a statistically significant decrease in accuracy from S1 versus S2 to S2 versus S3 to S3 versus S4, as indicated by planned contrasts [S1 vs. S2 compared with S3 vs. S4: F(1,6) 36.33, p .0009]. Finally, a statistical analysis showed no significant main effect of pair for both the two-pair and the three-pair training groups in the large circle condition (F 1). So, overall, the obtained pattern of performance did not accord with the predicted trends. Figure 6 illustrates the birds' performance to the testing pairs. In this case, a comparison between the different training conditions is appropriate because all of the pigeons were exposed to the same testing pairs with the same frequency.
Performance to Testing Pairs
Contrary to the predictions derived from the stimulus generalization gradients, there was no obtained decrease in transposition responses from one-to two-to threepair training. In the small circle condition, performance to S4 versus S5 did not differ significantly from chance after one-pair training (two-tailed t test, t 3 1), but it was significantly above chance after two-pair (t 3 3.31, p .045) and three-pair (t 3 7.56, p .005) training. Performance to S5 versus S6 did not differ from chance after both one-pair and two-pair training (both ts 1), but it was significantly above chance after three-pair training (t 3 7.84, p .004). In the large circle condition, performance to S2 versus S3 did not differ from chance after one-pair (t 3 1) and two-pair (t 3 1.32, p .28) training, but it was significantly above chance after three-pair training (t 3 17.53, p .0004). Performance to S1 versus S2 remained below chance for all of the training groups (all ts 1).
To evaluate the overall effect of multiple-pair training on birds' transposition, we conducted a mixed-model ANOVA using pair (far or near) as a within-subjects factor plus condition (small circle or large circle) and group (one-pair, twopair, or three-pair) as between-subjects factors. The main effect of condition was significant [F(1,18) 8.25, p .01], indicating that the small circle condition generally produced more transposition than did the large circle condition. The main effect of group was significant [F(2,18) 13.00, p .0003], confirming that transposition generally improved with increasing numbers of training pairs. The ANOVA showed a significant main effect of pair [F(1,18) 13.72, p .002], indicating that the near pair supported higher transposition than did the far pair. Finally, the ANOVA revealed a significant pair condition interaction [F(1,18) 6.02, p .02], suggesting that the near pair generated comparable transposition in both conditions, whereas the far pair supported stronger transposition in the small circle condition than in the large circle condition.
Because we were especially interested in how exposure to different numbers of training pairs affected birds' transposition responses, we next conducted two univariate ANOVAs using performance to the near pair and performance to the far pair as dependent measures. For the near pair, the ANOVA showed a significant main effect of group [F(2,18) As well, pigeons' transposition responses were affected by their group assignment (see Figure 6) . Overall, the pigeons in the small circle condition showed stronger transposition than did the pigeons in the large circle condition.
Within each condition, the birds made more transposition responses to the near pair than to the far pair. Finally, transposition to the far pair was stronger in the small circle condition than in the large circle condition. Because these (Peissig et al., 2006) , this scaling function uses logarithmic rather than absolute values of circle diameter.
We previously reported that d, the difference in scaled stimulus diameters, was a reliable predictor of relational responding after multiple-pair training. What about the present data? The small number of data points (only two per condition) does not permit formal simulations, but it is possible to make qualitative predictions with respect to the strength of relational responding to the different testing pairs by comparing the values of d. S2] . In other words, the near pair should support weaker transposition than does the far pair in the small circle condition, but the opposite should be true in the large circle condition. In the small circle condition, the near pair did, in fact, generate stronger transposition than did the far pair. But contrary to these predictions, the near pair generated weaker transposition than did the far pair: Indeed, S1 versus S2 produced no reliable transposition in any training group within the large circle condition (Figure 6 ). It appears, then, that neither stimulus generalization nor the difference in scaled stimulus diameters alone is sufficient to explain all of the trends observed in our data.
A Third Factor Affecting Relational Responding?
We now propose that, in addition to stimulus generalization and the disparity in the scaled stimulus diameters, relational responding may be affected by the similarity of the testing configuration as a whole to the training configuration as a whole, a measure that we term novelty. Lower novelty leads to stronger transposition, whereas higher novelty leads to weaker transposition and, in extreme cases, to chance responding. Many theorists have suggested that the overall similarity of the testing configuration to the training configuration affects the probabiltrends may provide important insights into the nature of relational stimulus control, we will consider these three trends from the perspective of stimulus generalization theory and the relational discrimination model that we proposed in our earlier article (Lazareva et al., 2005) .
Trends Expected on the Basis of Our Implementation of Spence's Theory
The levels of transposition predicted by the postdiscrimination stimulus generalization gradients depicted in Figures 3 and 4 are shown in Figure 6 . First, those gradients predicted approximately the same average level of transposition in the small circle condition and in the large circle condition, instead of the stronger transposition that was obtained in the small circle condition. Second, Spence's (1937) theory would lead one to expect stronger transposition to the far pair than to the near pair in both conditions (cf. Figures 3 and 4 plus Table 1 ); instead, we observed the opposite trend. Finally, Spence's (1937) theory would lead one to expect stronger transposition to the far pair in the large circle condition than in the small circle condition because the relationally correct stimulus is closer to the former S (or S ) in the small circle condition than in the large circle condition, due to the logarithmically spaced stimuli. Again, the opposite trend was observed.
One could raise concerns about our findings by suggesting that other excitatory and inhibitory stimulus generalization gradients might fit our empirical data better. To address this concern, we conducted a series of post hoc simulations, using Shepard's (1987) stimulus generalization function: a broad class of functions that includes the Gaussian functions used in our prior stimulations. The detailed description of Shepard's generalization function and our approach to the simulations is provided in Appendix B. Figure 7 shows that the average level of transposition predicted by the best-fitting postdiscrimination stimulus generalization gradients again decreased from one-pair to two-pair to three-pair training (cf. Figure 1, bottom panel) . We therefore conclude that stimulus generalization theory cannot predict the increase in transposition from one-pair to two-pair to three-pair training that we observed in our experiment. 2
Trends Expected on the Basis of Our Relational Model
Earlier, we (Lazareva et al., 2005) proposed that the strength of transposition is affected by the similarity of the two testing stimuli to one another: The more similar the testing stimuli, the more difficult it is to determine which is smaller (or larger), thus leading to poorer transposition. We represented the similarity between the testing stimuli by the scaling function
where d is the difference in scaled stimulus diameters, x is the diameter of the smaller testing circle, and y is the diameter of the larger testing circle. Because constant differences in circle diameter are not equally discriminable Table 1 ). In contrast, the novelty function does not take into account the reinforcement history of a particular training stimulus; instead, it considers the overall similarity of the testing pair as a whole to the training pair as a whole. Consequently, the novelty function might lead one to expect a transposition response to S4 versus S5 after two-pair training in the small circle condition, if this pair is reasonably close to one of the training pairs.
Consider the case of three-pair training (Figure 7 ). In the small circle condition, the birds were trained to discriminate S1 versus S2, S2 versus S3, and S3 versus S4. In testing, these birds were presented with S4 versus S5 and S5 versus S6, both of which were relatively close to S3 versus S4. In the large circle condition, however, the birds were trained to discriminate S3 versus S4, S4 versus S5, and S5 versus S6. In this case, both testing pairs, S2 versus S3 and, especially, S1 versus S2, were much farther from the training pairs than in the small circle condition. (larger distance means lower similarity and, consequently, less robust transposition). Our data agreed with these expectations: S4 versus S5 engendered the most robust transposition (73%), followed by S2 versus S3 (70%), S5 versus S6 (68%), and S1 versus S2 (46%).
Unfortunately, to quantitatively evaluate the reliability of the novelty function as a predictor of transposition, we would need to present a much wider range of testing pairs after one-pair, two-pair, and three-pair training. Doing so will be a goal of future studies. It is clear, however, that the overall similarity of the testing pair to the training pair(s) modulates transposition even after multiple-pair training.
CONCLUSION
Studies of transposition and related discriminationlearning phenomena have yielded data that do not unequivocally support either stimulus generalization theory or relational learning accounts. In many of these experiments, the behavioral evidence has provided strong support for the basic premises of stimulus generalization theory, such as the summation of excitatory and inhibitory stimulus generalization gradients or peak shift (Ehrenfreund, 1952; Hanson, 1959; Hearst, 1969; Honig, 1962; Honig & Urcuioli, 1981; Kalish & Guttman, 1959; Purtle, 1973) . For other experiments, relational responding has been reported that would be difficult (or even impossible) to explain by using stimulus generalization theory as the sole account of animals' learning and transfer behavior (Johnson & Zara, 1960; Lawrence & DeRivera, 1954; Lazareva et al., 2005; Marsh, 1967) .
Our present data provide strong evidence against stimulus generalization theory as the sole predictor of pigeons' learning and transfer behavior in the transposition paradigm. Here, we arranged discrimination training in such a way that stimulus generalization theory predicted a decrease in transposition with an increase in the numbers of training pairs. Still, pigeons' transposition responses reliably increased from one-pair to two-pair to three-pair trainity of relational responding (Gulliksen & Wolfle, 1938; Klüver, 1933; Köhler, 1918 Köhler, /1938 Riley, 1958; Stevenson & Bitterman, 1955) , although this notion has rarely been expressed quantitatively. Figure 8 illustrates this idea by using the log-transformed diameters of the first stimulus and the second stimulus in the training pair or the testing pair as two dimensions of the similarity space. In this case, novelty can be expressed as the Euclidean distance from the testing pair to the nearest training pair(s) in two-dimensional space. This distance is calculated using the following formula: 
where n is the Euclidean distance from the testing pair to the nearest training pair, x 1 and x 2 are the log-transformed diameters of the smaller and the larger testing stimuli, and y 1 and y 2 are log-transformed diameters of the smaller and the larger training stimuli. Our novelty function may initially appear to be similar to stimulus generalization, since the generalization of associative strength is a function of the similarity of the training stimuli to the testing stimuli (Shepard, 1987) : Testing stimuli located closer to the training stimuli acquire more generalized associative strength than do those located far away from the training stimuli in a similarity space. However, in order to predict the organism's choice in any testing pair using generalized associative strength, one needs to consider whether the specific training stimulus was reinforced or nonreinforced during training. Thus, stimulus generalization theory leads one to expect an absolute response to S4 versus S5 after two-pair training in the small circle condition, because relationally correct S4 is closer to the previously nonreinforced training stimulus S3 (cf. 
